The advancements in Electric Vehicle (EV) wireless charging technology have initiated substantial research on the optimal deployment of Wireless Charging Units (WCU) for dynamic charging or Charging While Driving (CWD) applications. This study presents a novel framework, named as the Simulation-based Utility Maximization of Wireless Charging (SUM-WC), which aims to maximize the utility of WCUs for EV charging through the optimal WCU deployment using the concept of opportunistic CWD at signalized intersections. At first, a calibrated traffic micro-simulation network of the area of interest is required for this framework. The calibrated traffic network is used to create the utility function and control delay function for each selected lane at the selected intersections of the road network. The lanes are selected based on their potential to charge EVs. An optimization problem is formulated using the utility and control delay functions, where the objective is to maximize the utility of WCUs, and the decision variables are location and length of WCUs and traffic signal timing. The constraints of the optimization formulation are budget, locations, minimum green signal times and acceptable Level of Service (LOS). A global solution is achieved for this optimization problem using the Genetic Algorithm. The optimized utility is compared with other deployment schemes, such as deployment following betweenness centrality and placement at lane with the highest traffic volume. SUM-WC framework achieves at least 1.5 times more utility per hour than these other deployment schemes.
INTRODUCTION
The US transportation sector is characterized by the dominance of fossil fuel powered vehicles. Vehicles relying on fossil fuels are not sustainable due to their non-compliance with the US environmental, economic and energy goals (1). Electric Vehicles (EV) are the fastest growing alternative fuel vehicles in the market today. However, EVs have technical and economic limitations related to the electricity storage (i.e., battery) technology such as low energy density, large battery size, limited lifetime, long charging times, and high cost. With these limitations, EV users are faced with a difficulty known as range anxiety. EV users are constantly worrying about having enough charge in battery to complete the trips, and constantly looking for charging stations nearby when battery is running out of charge (2) . To overcome this, EVs equipped with wireless charging capabilities (i.e., pick-up coils in the bottom) can use electromagnetic induction for wireless charging when they are driven over Wireless Charging Units (WCUs) placed on the road, which is called dynamic charging or Charging While Driving (CWD). It can solve the issue of limited range by increasing the range of EVs in transit (3) . WCUs placed on roads take up no extra space, so less urban space is required for EV charging. Recent developments in wireless charging technology by automobile companies and research institutes indicate that CWD infrastructure can be deployed for widespread use within next ten to twenty years (3)- (6) . However, a proper infrastructure planning with effective resource utilization is required to deploy this technology. Optimal placement of WCUs on the roads is a major factor in widespread adoption of CWD for EVs (2) .
One possible solution is to place WCUs at signalized intersections in urban areas to utilize the frequent stops of vehicles at traffic signals for recharging. In urban areas, the amount of time that a vehicle spends at signalized intersections each day is significant in terms of EV wireless recharging. This intersection stop time could be utilized for EV's recharging. Utilizing the stop-and-go situation at signalized intersections for wireless recharging is more appealing than charging stations at parking lots.
In this paper, we present a SUM-WC framework, which includes a simulation-based optimization strategy to help identify the optimal placement of WCUs for a signalized roadway network in any area type and size (e.g., city, county or state). The objective of this research is to find the optimal placement and sizing of WCUs at specific intersections within a certain budget, so that the utility is maximized while the intersection continues to operate at an acceptable Level of Service (LOS). LOS is a qualitative measure used to relate the quality of traffic service using levels A through F, with A being the best and F being the worst (7) . For signalized intersections, LOS is used to assign traffic quality levels based on the control delay, which is defined as the difference between the travel time that would occur in the absence of traffic signal, and the travel time that results because of the traffic signals. Control delay has three components, namely, deceleration delay, stop delay and acceleration delay. Control delay is always calculated for a lane group, which consists of all the lanes that are directing traffic flow in the same direction (7) .
RELATED WORKS
CWD for EVs has been a topic of major interest in recent years. Many studies have been conducted on the prospects of wireless power transfer for EV, efficient wireless charging systems, and dynamic charging scheme testing (8)- (10) . One of the significant works focuses on optimal system design of the online electric vehicle (OLEV) that utilizes wireless charging technology (11) . In that study, a particle swarm optimization method is used to find a minimum cost solution for WCU installation considering the battery size, total number of power transmitters (WCUs) and their optimal placement as decision variables. The model is calibrated to the actual OLEV system (11) . The OLEV and its WCUs were developed and deployed in Korea Advanced Institute of Science and Technology (12, 13) . Other notable institutions who have successfully implemented WCU system for EVs and performed field testing include Siemens, Volvo, Highways England, Auckland University, HaloIPT (Qualcomm), Oak Ridge National laboratory (ORNL), MIT (WiTricity) and Delphi. However, there is still a long way to go for a full commercial CWD implementation, since it requires making significant changes to the current transportation infrastructure.
In (14) , a wireless charging for EVs at signalized intersections is investigated. The authors propose adaptive control strategies of traffic signals for charging of EVs at intersections that would meet EV's energy demand while the control delay at intersections is minimized. This study does not focus on selecting the optimal locations for WCU installation to maximize charging. Earlier studies (15, 16) do not consider signalized intersections or effect of traffic signals on EV charging in the analysis. One of the problems with non-simulation based mathematical models is that they often do not accurately capture the real-life traffic scenarios. Most of the existing optimization models are computationally hard as they typically contain nonlinear and non-convex components with integer variables. As a result, they are more applicable for small networks. In (17) , authors introduce an integer programming model that is built upon taking into account different realistic scenarios of routes. The authors compare the computational results for the proposed model with faster heuristics and demonstrate that their approach provides significantly better results for fixed budget models. Using standard optimization solvers with parallelization, they succeed to provide fast and high-quality solutions for much larger networks.
Many studies focus on WCU infrastructural issues. In (18) , a method for analyzing the traffic and electrical performance of wireless CWD systems for EVs is presented. This study is useful for a preliminary design of the infrastructure and the specific EV Supply Equipment. A thorough analysis of the costs associated with the implementation of a dynamic WPT infrastructure and a business model for the development of a new EV infrastructure are presented in (19) .
METHOD FOR DEVELOPING SUM-WC FRAMEWORK
The analysis starts with the assumption that signalized intersections in urban areas are the most suitable locations to place WCU. Traffic simulation is performed to validate this assumption. In this section, we introduce the SUM-WC framework by describing all the components and the method of developing the workflow.
SUM-WC Framework Development
Steps to construct the SUM-WC framework are explained below.  Download map of the area of interest from the OpenStreetMap (OSM) and generate a network file with all the traffic information from the OSM file.  Using available data, data collected from field and Institute of Transportation Engineers (ITE) Trip Generation Manual, create routing (Origin-Destination pairs) for all vehicles in the road network for a specific timeframe. Assume a value of penetration level for EVs based on study in (20) . Combine network file with the generated routing data and make adjustments to traffic simulation parameters to calibrate the model with real data.
 Run the traffic simulation network once with no WCU to get an average control delay for all lane groups.  Identify the set of lanes approaching traffic signals. Select lanes from the lane group that have an LOS C.  Run traffic simulation with WCU placed at each of the selected lanes with low-mid-high values for WCU length and green signal times of each phase (assuming fixed-time signal operations). Three values are chosen for each variable for nine combinations. This is done so that the whole solution space can be covered.  Extract total energy transferred to all EVs (Utility) and average control delay of all selected lanes for each simulation run.  Using WCU length and green signal times as inputs and utility as output, develop an interpolant for utility of each selected lane.  Using green signal time as input and average control delay as output, develop an interpolant for control delay of each selected lane.  Using the utility and control delay interpolants of each lane, run the optimization model and get optimized WCU locations, lengths and green signal times for the whole network.  Evaluate the effectiveness of the optimization framework by comparing the framework's utility with other deployment schemes based on WCU placement heuristics.
Framework Tool Selection
The traffic simulation is performed in Simulation of Urban Mobility software (SUMO) (21) . SUMO is used to convert the OSM file (map) directly to a .net file, which is the road network file for SUMO. SUMO also has its own EV and WCU modules. In order to create a calibrated micro simulation model for an urban area, short term traffic volumes (turning volumes) need to be collected at all the intersections. Furthermore, the ITE Trip Generation Manual can be used to estimate the entering and exiting traffic from different entities such as-businesses and residential areas. Finally, travel time information needs to be collected for some major roads. The traffic simulation parameters such as driver imperfection and speed distribution can be adjusted to match the travel times and turning volumes at intersections. After the calibrated model has been developed, the traffic simulation control and optimization are performed using MATLAB. SUMO TraCI (Traffic Control Interface) is used to interface from MATLAB with SUMO. The genetic algorithm is used to solve the optimization problem. The Matlab Genetic Algorithm (GA) function is used. Our optimization model is a Mixed-Integer Non-Linear Program (MINLP) for which a global solution is required. The Matlab GA function has the capability to solve MINLP and find a global solution from the solution space. Details about the model can be found in (22) .
Assumptions about Traffic Signal
The focus of this study is to maximize the utility of WCUs through opportunistic EV charging at signalized intersections. Our assumption is that all traffic signals in the study area are two-phase pre-timed signals.
Optimization Problem Formulation
The optimization formulation is based on utility of WCUs. Here, the decision variables are length of WCUs at each signalized intersections and green signal times of each phase of those intersections. The objective function is the total utility in a one-hour simulation run. The constraints are the budget, locations, minimum green signal times and LOS. For pre-timed signal control, if yellow time and all red time for each phase are fixed, then the sum of the green signal times of the two phases are also fixed, since it is assumed that the cycle length remains constant. However, there is a minimum limit to the green signal time for each state, defined by the Signal Design Manual of that state, such as the manual in (23). Green signal times also have to be integer numbers. Therefore, there is a range of green signal times for each lane approach at each intersection. Considering these constraints, the optimization problem is formulated as shown below.
, , are integers The objective function has two components. The first one, WCU utility of each lane (ui), is a function of the installed WCU length (li) and green signal time of each phase of the intersection (g1i). The second variable, xi, represents the decision of WCU installation at a lane. Therefore, the objective function is actually the sum of the total utility from WCU installation in the road network (in Wh).
There are six constraints of the formulation. The solution to the optimization problem must obey all these constraints. For clarification, the constraints are described below in sequence.  The total cost of the installation should be less than or equal to the budget.  The average control delay for all the selected lanes should be less than the target LOS limit.
In this case, target LOS is C and ACD limit is 35 s/veh.  The sum of green signal times of all phases at all the intersections should remain constant.  The green signal times should be greater than or equal to the minimum green signal time allowed.  The location variable is binary, if WCU is installed at lane i, then xi is equal to 1, otherwise it is 0.  Number of WCU units and green signal times are always integers.
Control Delay Calculation and Lane Selection
Initially, we set the running time of the simulation to a fixed value (usually an hour) with no WCU installed at any location in the network. The average control delay for each lane is then calculated by using the simulation output. There are many techniques to calculate control delay of an intersection lane group, as mentioned in Highway Capacity Manual (HCM) 2010 (7) . Among these techniques, the queue-count technique is chosen for the control delay calculation.
The queue-count technique is developed for calculating control delay using traffic data collected from the field. For a specific lane group, the data required from the field is the total number of vehicles, number of stopped vehicles, number of vehicles in queue, approach speed and cycle length. The stop delay can be calculated from field data, but the acceleration and deceleration delay are very difficult to measure without sophisticated tracking equipment. This technique has been shown to yield a reasonable estimate of control delay by application of appropriate adjustment factors (24, 25) . In this study, the technique is applied to a simulation environment, where the data collection from field is mimicked in simulation. Detectors are used in simulation to collect the input data for the technique. The technique is illustrated in the following.
Given The control delay is calculated for each lane group. This is an average for all the lanes in the lane group, so the same control delay is used for individual lanes . From (7) , the LOS of the lane group is determined using the control delay.
In (7), LOS C is described as the stable flow (acceptable control delay) regime, while LOS D is described as regime approaching unstable flow. The intersection lanes that have LOS worse than C are omitted from the analysis, since they are already performing at an unacceptable LOS. On the other hand, the lanes that have LOS better than C are not suitable for WCU installation, as the control delay is not sufficient to charge the EVs properly while stopped. So, only the lanes that have LOS of C (20-35 s/veh control delay) are shortlisted for potential WCU placement. This step reduces the computational burden of the framework by reducing the number of required traffic simulation runs.
Traffic Simulation
After the lanes are shortlisted, we run the simulation to evaluate the utility of WCU for each selected lane as a function of WCU length and green signal time. Also, it is required to evaluate the control delay of each selected lane as a function of green signal time.
There is a large range for green signal times and WCU lengths, so performing an exhaustive simulation for each green signal time and each length of WCU at each selected lane is not feasible. Rather, simulation is performed for a limited number of points, and these points are used for linear interpolation to get the value of utility and control delay for intermediate values of WCU lengths and green signal times. Three values of WCU lengths and three values of green signal times are chosen for simulation, such that they cover the whole range of values. These values are termed as low, mid and high values. As a result, nine simulation runs are performed for each lane, corresponding to three values of green signal times and WCU lengths. Then, these nine points are used in 2D interpolation to get the values of utility for all intermediate points. On the other hand, the control delay does not vary with WCU length; it only varies with green signal times. Therefore, linear interpolation is performed to get the values of control delay for all intermediate green signal times.
Some approximations are made in order to reduce the computational runtime of the framework. Firstly, only the minimum number of points to span the solution space are taken, which is three for any variable. As there are two independent variables, the number of required simulation runs is the product of the number of evaluation points for two variables. Taking three values for each variable keeps the number of simulation to a minimum value of nine, while still spanning the whole solution space. Secondly, it is assumed that the utility function and control delay function are linearly dependent on their respective variables. Each lane at each intersection will have a different characteristic, and finding the accurate relationship of utility and control delay for each lane is a non-trivial task. For simplicity, linear interpolation is used for both utility and control delay.
CWD Scheme Comparison
The utility and control delay interpolants of all lanes are carried forward to the optimization step, where the solution is obtained for the entire road network. This solution is then validated by performing one more simulation with the optimized solution. The utility is compared with two other heuristic placement based deployment schemes, betweenness centrality and installation at lane with highest traffic volume, to show the effectiveness of the SUM-WC framework.
CASE STUDY RESULTS
This section presents an evaluation of the SUM-WC framework for a sample road network. The Clemson city network from South Carolina is used for this analysis. We run the traffic simulation using this network for one hour. In this case study, the traffic simulation model is not a calibrated model, the routing is not representative of the actual scenario. Instead, the routing is generated randomly from different locations. Developing a calibrated traffic simulation model for a city is not a trivial task, and it is considered as a separate research topic. Because many studies have been done previously on how to create a calibrated traffic simulation model (26, 27) , the focus of our research is not to develop calibrated traffic simulation models. Instead, we focus on developing a ubiquitous framework which can be used with any traffic simulation model, and a sample traffic simulation network is used to illustrate the functionality of the framework. The key characteristics of this road network and a visual representation of the network is shown in Figure 1 . The text box in the figure contains all the information regarding the traffic simulation. The red circles indicate location of traffic signals.
FIGURE 1 Clemson City Road Network

Opportunistic Wireless Charging at Signalized Intersections
To prove the hypothesis that signalized intersections are the best locations for WCU installations, simulation is run on a sample four-way signalized intersection. It is observed that when the WCUs are placed away from the intersection, the utility suffers due to the lack of opportunity for charging while stopped. So, distance from intersection is a major contributor in the overall utility of the WCUs. So, only signalized intersections are considered for WCU placement in this research. Moreover, some additional simulations are performed to investigate the effect of signal timings and WCU lengths on the utility of the WCU. We observe that these variables have a major impact on the utility; reducing green signal time increases the utility, but it degrades the LOS of the intersection. On the other hand, increasing the length of WCU increases the utility. Simulations show approximately fivefold advantage for one-hour timeframe, if WCUs are placed at intersections, considering regular traffic. This finding is illustrated using Figure 2 (a) , where the first two locations are at intersections, and the last two locations are away from intersections.
EV and WCU Parameters
The EV and WCU modules in SUMO are developed in (28) . For each simulation step, the model calculates the energy consumption of the EV, and the energy transferred to EV from WCU if applicable. The parameters used for an EV passenger car in the network are shown in Table 1 .
These values are default values for a passenger EV in SUMO. The values obtained for the WCU are also shown in Table 1 . 
Lane Selection
As per the framework, an initial simulation is performed for one hour with no WCU installed at any location in the network. This step is performed in order to identify the candidate lanes for WCU installation. The data we use consists of 116 lanes at 20 signalized intersections in the network. After that, the average control delay for each lane is calculated by using the queuecount technique. The delay for all lanes are shown in Figure 2 (b) . The enclosed region corresponds to LOS C, so this is our area of interest for the remaining steps of the framework. In Figure 2 (b), we observe that there are 42 lanes with LOS C. Only these lanes are carried forward in the remaining steps of the SUM-WC framework. 
Traffic Simulation Results
After the selection of lanes, a traffic simulation is performed, where the WCU is placed at all selected lanes individually for each simulation run. For each lane, nine simulation runs are performed in order to evaluate the utility and delay functions. For WCU length, the minimum length of WCU is one unit (6m), and the maximum length is five units (30m), i.e.-the average value is three units (18m). On the other hand, the green signal times for all signals are bounded by the cycle times of that signal. Therefore, the sum of two green signal time periods remains constant. The minimum green signal time for any phase at a major 4-way intersection is 15 seconds; this is the value of gmin in the framework. This gmin comes from the SCDOT signal design manual (23). Using this as a bounding value, the low-mid-high green signal times of both phases for all signals are calculated. The lowest green signal time for the green phase of a lane corresponds to the highest green signal time in the opposite green phase of that lane. Showing the simulation results for all 42 selected lanes would be redundant. Instead, a sample lane at a sample intersection is chosen, and the simulation results are shown for that lane only. Each lane has its own unique id, the id of the selected lane is '-473901199_0'. For simplicity, the lane is named lane A. Figure 1 demonstrates the location of lane A in the network. The results for Utility from the simulation is given in Table 2 for WCU installed at lane A. From the analysis for lane A, for 15, 28 and 42 sec green time, the control delay was found to be 42, 29 and 11 sec. respectively. This lane had a base control delay of 29 s/veh. After getting the boundary values for all lanes, 2D linear interpolation is performed to get the values of utility at all WCU lengths and green signal times in the solution space. Furthermore, interpolation is performed to get the values of control delays for all green signal times. A resulting response surface of utility for lane A is shown in Figure 2 (c) and the resulting curve of control delay for lane A is shown in Figure 2 (d). In Figure 2 (c), it is observed that the maximum utility is achieved for minimum green signal time and maximum length, which is 4228 Wh. The minimum utility is 394 Wh for maximum green signal time and minimum length.
In Figure 2 (d) , it is observed that the maximum control delay occurs for minimum green signal time, which is 42 s/veh. Note that this is LOS D, which is unacceptable. The minimum delay is 11 s/veh for maximum green signal time, which corresponds to LOS B.
Optimization Solution
After the utility and control delay functions have been created, it is desired to maximize the utility by placing the WCUs such that the utility is maximized while the LOS remains LOS C or better for all intersections. The optimization problem has already been formulated earlier in the previous section. Genetic algorithm is used to perform the optimization. We choose genetic algorithm because it provides fast implementation, it is scalable and performs well for discontinuous objective functions (29) . The optimization problem does not involve any traffic simulation, since all the traffic simulation have already been done beforehand. A single objective formulation reduces the complexity of the problem and gives accurate results quicker. The decision variables are selected lanes, lengths of WCU at that lane and the green signal time corresponding to the lane. The optimized output is the maximum utility achievable with all constraints satisfied.
Two lanes (Lane A and Lane B) have been selected for WCU installation. The budget constraint allowed only 30m (five units) of installation, so 18m is installed at Lane A and 12m is installed at Lane B. The green signal times for the approach phases of the lanes are 22 s and 17 s, respectively. The total utility achieved (total energy charged) is 2992 Wh. The average control delay at the selected lanes are 35 s/veh and 34 s/veh, respectively. Therefore, the control delays are below 35 s/veh, which is the limiting value for LOS C. The performance of the lanes has degraded, but the lane group LOS has remained C, which was the objective of this research.
After obtaining the results, we run the simulation model with WCUs installed at the selected lanes in order to validate the results. It is seen that the utility value and the control delay values are very close to the results from the SUM-WC framework. Therefore, the interpolants provide a good approximation for the utility and control delay of each lane. Figure 2 (e) provides a visual representation of where the WCUs are installed on road network for utility maximization.
Comparison with Other CWD Deployment Frameworks
The SUM-WC framework is compared with two other WCU placement strategies in order to validate the effectiveness of the proposed framework. At first, it is compared with the betweenness centrality model (30) for allocating the WCUs in the road network. The betweenness centrality model is a widely-used concept in network science that measures edge significance using the normalized number of shortest paths that pass through this edge. The betweenness centrality of an edge v is given by the expression: We assume that drivers typically chose either one of the shortest or almost shortest paths to plan their routes, which makes this heuristic an acceptable candidate for the comparison purposes. Based on betweenness centrality, two edges are chosen with the highest betweenness centrality value. Each edge has two lanes, so four lanes are shortlisted. In order to make a one-to one comparison, the total WCU is divided into two sub-units of 18m and 12m. Then, using the four lanes and two sub-units, the deployment which yields the maximum utility is found using multiple traffic simulation. The maximum utility achieved is 1943 Wh, compared to 2992 Wh from SUM-WC framework. The betweenness centrality model gives a lower utility because a lane with high betweenness centrality may not be a lane at a signalized intersection, which limits its potential for opportunistic charging. It may serve higher number of EVs compared to SUM-WC framework, but the total energy charged is lower than that of SUM-WC. Therefore, the SUM-WC framework performs better at maximizing utility than the betweenness centrality model.
The framework is also compared with another simple deployment paradigm, installation at two lanes with the highest traffic volumes. The lanes with the highest traffic volumes are found by placing detectors on all lanes in the simulation. Extracting the vehicle counts for each lane and looking for the highest volume. This paradigm has very low computational requirements, as it is based on simple assumptions. However, it also provides relatively low utility (1465 Wh) compared to the SUM-WC framework and betweenness centrality model. It has the same problem of limited opportunistic charging as the betweenness centrality model. The comparison of all allocation paradigms is shown in Figure 2 (f). The gain in utility using SUM-WC framework is almost 1.5 compared to betweenness centrality and almost 2 compared to placement at lanes with highest volumes.
CONTRIBUTION OF THIS RESEARCH
In this study, a novel ubiquitous framework (SUM-WC) is developed. It can use a calibrated traffic micro-simulation network of any area and identifies (a) the placement and sizing of WCUs, and (b) the traffic signal timings, which maximize the utility of the deployment within a given budget. We demonstrate that the utility is maximized since WCUs installed at different locations transfer the maximum amount of charging to EVs in a certain timeframe. The optimization problem is formulated using the traffic micro-simulation model and a global optimization method is developed to solve the formulated model. To the best of our knowledge, this is the first study that combines opportunistic wireless charging at intersections and selection of optimal intersection lanes to place the WCUs, such that the utility of WCU deployment is maximized within a given budget. The traffic micro-simulation based approach to utility maximization is also a new concept for CWD application. Previous works have focused on EV energy management and routing strategies based on location of charging facilities. However, the concepts of our focus were excluded from previous work. Our framework also has an advantage of scalability; it can be used for large-scale networks with thousands of signalized intersections. The pre-processing before the optimization step significantly reduces computational burden, by reducing the number of required traffic simulation runs and the initial population size of the genetic algorithm. Our framework also performs LOS measurement of signalized intersections that ensures that non-EVs do not suffer from delay due to the EV charging scheme.
CONCLUSIONS AND FUTURE WORKS
The SUM-WC framework successfully maximizes the utility of the WCU deployment in a large network through optimal placement and traffic signal timing parameters. The concept of opportunistic in-motion charging is applied here, which yields a higher utility compared to other techniques such as-betweenness centrality method. EVs need to stop or slow down to receive the wireless power, which is why the opportunistic charging at signalized intersections yields a higher utility than many other deployment schemes in an urban area. Moreover, the optimization model ensures that all intersections perform at acceptable LOS, so that the non-EV users do not suffer from delay due to this deployment.
Opportunistic CWD for EV is a fast-growing field, and this research will provide the building blocks for further research work. This study can be extended to investigate the effects of actuated and adaptive signals on opportunistic wireless charging at signalized intersections. Connected Vehicle Technology can be incorporated in all EVs, which will allow the EVs to interact with roadside infrastructure such as traffic signals and charging stations for data sharing. A smart real-time charge scheduling method can be developed for EVs, which will consider routing based on location of EV charging stations and WCUs on the road network. In addition, V2I communication with traffic signals can further increase the utility for WCUs for EVs. EVs can ask for more stop time at signalized intersections, which will allow them to charge based on the urgency of their energy needs.
